Intrinsically disordered proteins (IDPs) are characterized by a lack of defined structure.
INTRODUCTION
Intrinsically disordered proteins (IDPs) and proteins with intrinsically disordered regions (IDRs) make up a large proportion of the proteome, especially of eukaryotic organisms (1) (2) (3) (4) (5) (6) .
These disordered regions are characterized by a lack of uniquely-defined structure, instead populating many near-isoenergetic conformations (7, 8) . Despite their structural heterogeneity, IDPs are functional and involved in numerous cellular tasks (5, 9) . The disordered nature and marginal stability of IDPs make their structural ensembles particularly susceptible to changes in solution conditions. For example, it has been demonstrated that changes in solvent excluded volume and ionic strength can significantly affect the radius of gyration of disordered proteins (10, 11) .
Coupled folding and binding reactions-where an IDP folds upon binding to its target protein-constitute an important class of protein-protein interactions (PPIs). With the added dimension of folding to the binding reaction, factors affecting affinities and lifetimes of complexes involving IDPs are yet to be completely understood (12) . Much of the early work in the field has focused on the protein (sequence) determinant of these reactions (13) (14) (15) (16) (17) .
However, the role of environment (solution) conditions on coupled folding and binding has largely been ignored in biophysical studies, despite the established effect on IDP structural ensembles (10, (18) (19) (20) .
In the cellular milieu, electrostatic interactions are partially screened by the presence of electrolytes, with the type and concentration of ions present varying in different cellular compartments. Since changing ionic strength affects both long-range electrostatic forces and chain collapse, we investigated its effect on coupled folding and binding reactions.
Here we present the results of an investigation of the effect of charged co-solutes on the coupled folding and binding of two well-characterized and contrasting model IDP ! 4 systems. We find that association and dissociation rates-and thus the affinity of the complex-are ion-type dependent and not a simple consequence of ionic strength. The discrepancy in association kinetics occurs at surprisingly low ionic strengths, and is likely to be relevant at physiological concentrations of salts. We find that the explanation for this ionspecificity lies in a high sensitivity of the residual structure of IDPs to ionic strength and the nature of the salt. By demonstrating a correlation between kinetics, ion-induced structural changes and the Hofmeister series, we provide an explanation for these ion-specific results.
RESULTS
Choice of experimental systems. Two well-characterized and contrasting IDP systems were chosen for investigation; the spectrin tetramerization domain (21), and the PUMA:MCL1 (22) complex (described in detail in Fig. 1A , 1B respectively). They possess very different thermodynamic, kinetic and mechanistic signatures under physiological-like conditions (Table S1 ), as well as opposite electrostatic steering components to their association rate constants. Under physiological-like conditions, spectrin associates relatively slowly (6.3 ! 10 2 M -1 s -1 ) (23), while PUMA and MCL1 associate rapidly (1.6 ! 10 7 M -1 s -1 ) (19) .
With similar dissociation rate constants (2.6 ! 10 -4 s -1 and 1.6 ! 10 -3 s -1 respectively), the stabilities of the resultant complexes are very different: 0.4 µM for spectrin and 0.1 nM for PUMA:MCL1. The amount of structure present at the transition state for the association of each system is also distinctly dissimilar: spectrin already possesses significant helicity and packing interactions (24), while PUMA is still almost completely disordered and makes few native interactions (14, 15) . Using NaCl to screen charge-charge interactions, we found that the association of spectrin is slowed by electrostatic repulsion (Fig. 1C) , while the association of PUMA with MCL1 is electrostatically accelerated (Fig. 1D) . However, the effects are modest; ~10-fold for spectrin and ~25-fold for PUMA:MCL1 between the lowest (4 mM)
and infinite ionic strength. Interestingly, while fast overall, binding of PUMA to MCL1 is only marginally accelerated by long-range electrostatics.
Different salts affect rates of complex formation beyond ionic strength effects alone.
Ionic strength is, by definition, assumed to be independent of the nature of the ion beyond its charge. It is also implicitly assumed that ions in solution affect reaction kinetics through ionic strength alone. We systematically varied one ion-type while keeping the counter-ion constant to test this hypothesis in the context of coupled folding and binding reactions. Chloride salts of monoatomic cations were chosen to avoid possible consequences arising from the specific geometries of polyatomic ions. We focused on the biologically-relevant cations K + , Na + , Li + , Mg 2+ , Ca 2+ to study both mono-and divalent ions. All experiments were performed between 4 mM (no salt added, contribution from the buffer only) and 1 M ionic strength. We found that the association is not only ionic strength dependent, but salt-dependent as well (Fig. 2) . The discrepancy between salts is largest for the highest ionic strengths studied, indicating concentration-dependent effects. Consequently, using the Debye-Hückel-like model to fit the data of an ionic strength series for a given salt yields different basal rate constants. Our results clearly show that there is more at play than ionic strength alone. Importantly, we note that systematic deviations are observed for ionic strengths as low as 10 mM (Fig. 2 ). For PUMA:MCL1 the nature of the anion was also systematically varied. There was a clear difference between each salt at 1 M ionic strength. The order Cl -< Br -< I -is illustrated in Fig. 2B . NaI leads to a larger change in association rate than any of the divalent cations, clearly highlighting that valency is not an accurate predictor for rationalizing the effect of the different salts.
The different salts also modulate the rate of complex dissociation. The fact that association rates are modulated by the addition of salts beyond their impacts on ionic strength highlights more than a pure electrostatic effect. Therefore, a similar ion-specific behavior might be expected for the dissociation rates. The unimolecular nature of complex dissociation implies no long-range electrostatic steering, and therefore dissociation rate modulation would confirm ion-specific effects of a different nature to ionic strength. We measured the dissociation rates of PUMA:MCL1 for each salt at 1 M ionic strength, and in buffer alone (4 mM ionic strength) ( Table 1) . As with the association experiments, we observed ion-specific changes in the rate of complex dissociation. The trend for the different salts was identical to that for association and there was an inverse correlation between the association and dissociation rates, i.e. the slower the complex forms, the faster it dissociates. As for the association, the largest change in complex dissociation (KCl vs. CaCl 2 ) was significant and amounted to ~2-fold. Ionic strength also had an effect, since the lifetime of the complex is longer in buffer-only than in any of the 1 M ionic strength conditions. However, the effect is much smaller than on association, as would be expected since there is no screening of longrange electrostatic interactions compared to bimolecular reactions
The amount of residual structure in the IDP is ion-specific. The absence of convergence for the basal association rate constant in the presence of different ions is not consistent with an ionic strength effect alone. Similarly, the dependence of the dissociation rate constant on the nature of the salt suggests an additional effect. We probed possible structural changes using circular dichroism (CD) spectroscopy, allowing bulk secondary structure properties of proteins, and changes in residual helicity to be determined (25, 26). In isolation, PUMA showed a reduction in helicity with increasing ionic strength (Fig. 3A) . But the residual helicity is also ion-dependent. The effect is far from negligible, with ion-specific changes accounting for about half of the overall change in helicity reported in Fig. 3A , the rest being due to ionic strength. Similar to our kinetics findings, the structural changes do not appear to be a consequence of the valency of the ion, with lithium and magnesium having comparable effects. Importantly, no changes due to either ionic strength or ion-type were observed for the folded protein MCL1 (Fig. S1 ), highlighting the higher sensitivity of IDPs towards changes in solution conditions. Importantly, the rate constants of association of PUMA to MCL1 correlate with structural changes of unbound PUMA observed by CD spectroscopy (Fig. 3B), i.e. the more helical the IDP, the faster it binds and the slower it unbinds. We were unable to obtain CD data with bromide and iodide anions as they absorb strongly in the far-UV.
Similarly, the spectrin proteins contain large helical folded domains, which give strong CD signals compared to the disordered regions, so it was not possible to assess the effect of salts and ionic strength on the IDR.!
The dissociation rates were obtained with a slightly different PUMA sequence containing a dye, meaning that the absolute rates are slightly different. However, an alternative experiment showed similar trends for the actual peptide sequence (Table S2 ).!
DISCUSSION
Here we studied the effect of charged co-solutes on two IDP systems having very different kinetic, thermodynamic and mechanistic signatures (Table S1 ). Under physiological-like conditions, spectrin associates slowly, with extensive structure present at the transition state, while the PUMA:MCL1 complex is formed rapidly and is mostly unstructured at the transition state. They also proceed through different mechanisms. Association of PUMA with MCL1 is via an induced fit mechanism-PUMA largely folds only after association (24), whereas the likely explanation for the slow association of spectrin is that it contains some degree of conformational selection (14) .
IDPs generally contain a higher proportion of charged residues than folded proteins (27-30). This sequence-level bias, as well as the patterning of charges, has been shown to be important in dictating the overall geometrical features of disordered proteins (10, 31, 32), but less is known about its impact on the kinetics of coupled folding and binding reactions. Here we find that despite their marked differences in binding affinities, net charges, and high number of charged residues (Table S3) , both reactions only experience marginal effects from long-range electrostatics (Fig. 1C, 1D ). This is in stark contrast to the typical electrostatic enhancement reported when both proteins are folded and undergoing fast association Fig. S3 ), yet only exhibit a small enhancing effect from electrostatic steering. It is possible that relatively modest electrostatic steering components to binding rates might be a common feature of IDPs due to their lack of stable structure, and thus lack of well-defined, pre-formed, binding interfaces in isolation.
We further show that the residual structure content of the IDP is ion-dependent. We note that the folded protein MCL1 is structurally unaffected under the same conditions ( has been reported to affect RNA folding (34), explain the kinetic results observed for the anion series ( Fig. 2) , as the trend would be expected to be inverse if that was the case. Rather, these structural changes follow the Hofmeister series of the corresponding ions (Fig. S4 ).
This classification of ions and their associated effect on protein stability has long been established (35), and has been the focus of extensive research over the years (36-40). The exact physical principle behind the Hofmeister effect remains controversial, but binding to peptide backbones and charged residues seem to be the cause of altered protein stability (41).
While our experiments do not answer the atomistic details of ion-specificity, we demonstrate, for the first time, sizeable structural effects at low concentrations of 'common' salts.
Furthermore, we relate the stability/structural changes of the IDP to binding affinities in the context of coupled folding and binding reactions (see below). We suggest that the marginal folding stability of IDPs, as well as their larger solvent-accessible surface area, are the reasons for their greater sensitivity. Indeed, compared to folded proteins that require multimolar concentrations of salts before structural effects become apparent, IDPs are already affected in the low millimolar regime. This might be a functional consequence of protein disorder.
Importantly, we reveal that ions affect more than the structure of the free IDP, and also modulate binding rates specifically. This is attributable to the added dimension of folding that lies on-pathway for IDPs binding to their partners. We demonstrate a correlation between the ion-specific amount of residual structure in free PUMA and its rate of association with MCL1 (Fig. 3B) ; the less structured PUMA is, the slower it associates. We emphasize that this correlation does not imply conformational selection and is equally consistent with an induced-fit mechanism (42). This kinetic divergence becomes more pronounced the more salt there is, indicating a concentration-dependent effect, but we emphasize that deviation in binding rates occur at concentrations as low as 10 mM.
Interestingly, a correlation is also observed for the dissociation rate constants.
However, the effect of each salt is opposite to that on the association, i.e. the slower the association, the faster the dissociation of the complex. Importantly, the fact that these effects are opposite means that they compound in terms of binding affinity, shifting the K d even more than if only an effect on the association or dissociation rate constant was observed (Table 1 and Fig. S5 ). Taking potassium and calcium at 1 M ionic strength as an example, there is a ~3-fold difference in k on and a ~2-fold difference in k off , which implies a 6-fold shift in affinity. We stress that this effect is purely due to the nature of the ion since the results are within the same ionic strength, therefore excluding long-range electrostatic effects. It is tempting to speculate that the observed changes in rates point at both a ground state effect of the IDP (probed by CD), and a transition-state effect, since the dissociation rates are affected, but the bound complex is not. (Fig. 4) . We can therefore deconvolute the electrostatic and structural effects by comparing observed rate constants with estimated rate constants corrected for helicity. Using the MRE 222nm value at 4 mM ionic strength (buffer alone), the extrapolated association rate constant (k on ) at 1 M ionic strength becomes 2.5 ± 1.0 ! 10 7 M "1 s "1 . This corresponds to the association rate constant assuming no change in helicity over the range 4 mM to 1 M ionic strength. Taking NaCl as an example, this suggests that the ~12-fold decrease in k on observed over that range is 6-fold electrostatic, and 2-fold due to reduction in helicity. The effect is even more pronounced for e.g. CaCl 2 , where the ~35-fold change is 6-fold electrostatic, and ~6-fold structural; half of the observed change in rate constant results from loss of intrinsic helical structure of the IDP. Intriguingly, these results imply that the association of PUMA with MCL1 is even less electrostatically enhanced than previously thought, shedding light on the role and mechanism of ions in PPIs.
It is possible, even probable, that in some systems the effect might be opposing-in the spectrin system, for example, increased ionic strength speeds association, but if salts were to decrease residual structure, and thereby decrease the on-rate, the apparent effect of ionic strength might be less. We suggest that use of different salts while keeping the ionic strength constant could be used for mechanistic investigations, allowing the deconvolution of structural and electrostatic effects in coupled folding and binding reactions.
CONCLUSIONS
Protein-protein interactions involving IDPs are of enormous biological significance, and it has been shown that relatively small changes in affinity, stemming from changes in the residual structure of the IDP, can have significant physiological consequences. In the context of p53 binding MDM2, for instance, changes in residual structure upon mutation resulted in a ten-fold shift in K d that strongly impaired cellular function (43). Despite their importance and prevalence, far less is understood about the fundamental biophysics of IDP:partner interactions than about PPIs involving structured partners (12, 42) . In particular, the role of solvent conditions and co-solutes are usually neglected, despite their known effect on IDP structural ensembles (10, 11) . We performed a systematic analysis of the role of charged cosolutes on coupled folding and binding reactions, on two very different intrinsically disordered systems. Our results revealed that binding affinities are ion-specific, even when normalized for ionic strength. By deconvoluting the stability of the complex into its kinetic components, we show that affinity changes stem from variation in both the association and dissociation rate constants. These ion-specific differences are linked to structural changes in the free IDP and the transition-state, and relate to the Hofmeister series. Surprisingly, these effects occur at low concentrations of salts, which, to the best of our knowledge, has been unappreciated so far. We suggest that the marginal folding stability of IDPs results in higher structural sensitivity, even to modest changes in environmental conditions. This translates into modulation of binding kinetics and affinity even at physiological concentrations of salt.
We expect these findings to be generally applicable to PPIs involving disordered partners. It is interesting to speculate that this system-dependent sensitivity to environmental conditions, residues 1898-2083)) were expressed and purified as described previously (23).
MCL1 from Mus musculus (UniProt P97287 residues 152-308) was produced as reported (19) . PUMA from Mus musculus for out-competition experiments (Q99ML1 residues 127-161, M144A) was expressed as a GB1 fusion before cleavage and purification (15) .
Sequences and detailed protocols are reported in Supplementary Methods. The exact ionic strengths for each buffer (I) were calculated using equation 1:
where c i is the concentration of a specific ion and z i its net charge. The contribution from MOPS at pH 7.0 was estimated at 4 mM, corresponding to the singly-charged species. The zwitterionic species was not included in the calculation as it does not contribute to ionic strength (49). Circular dichroism spectroscopy. The effect of different salts and ionic strength on protein structures was assessed using CD spectroscopy in the far-UV using a Chirascan instrument Experiments were performed using intrinsic tryptophan fluorescence by exciting at 280 nm and using a 320 nm longpass filter. Data collected before the first 5 ms were discarded before fitting due to the mixing artifact of the instrument. PUMA:MCL1 dissociation rate constants were obtained using two distinct approaches, both gave similar results and the same trend with respect to the different salts (Tables 1, S2 ). The first method involved near-equimolar, reversible association under lownM concentrations (~20nM) of MCL1 and acetylamidated PUMA using stopped-flow kinetics measurements (Fig. S7) . Fitting the data to equation (2), with k on fixed to the value obtained under irreversible association, yielded K d . The dissociation rate constants were obtained using k off = k on × K d, which is valid for a two-state system. The second method involved irreversible dissociation of pre-formed TAMRA-PUMA:MCL1 complex (171 nM)
by out-competition with unlabeled PUMA of the same sequence (80-300× excess, to confirm that the rate constants were independent of out-competitor concentration). 
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No salt were purified from the soluble fraction. Ni-NTA affinity was used as the first purification step. The bound proteins were released from the resin by thrombin cleavage, followed by size-exclusion chromatography (Superdex 75, GE Healthcare) in PBS (50 mM sodium phosphate, 150 mM NaCl, pH 7). The proteins were stored in buffer at 4 °C.
MCL1 (induced myeloid leukemia cell differentiation protein from Mus musculus,
UniProt P97287 residues 152-308) was produced following a similar protocol except that overnight expression was carried out at 18 °C. After size-exclusion chromatography in PBS (50 mM sodium phosphate, pH 7), the protein was buffer-exchanged into water, lyophilized and stored at -20 °C.
PUMA (p53 upregulated modulator of apoptosis from Mus musculus, Q99ML1
residues 127-161, M144A) used for out-competition was expressed as a His 6 -GB1 fusion containing a Factor Xa cleavage site before the peptide. Expression was carried out at 37°C were reconstituted in water from lyophilized stocks, followed by two-fold dilution with twotimes MOPS buffers. At least two independent samples were prepared for each condition.
The individual scans were then averaged, buffer-subtracted and converted to MRE.
Protein sequences. Sequence differences compared to the gene products were limited to redundant N-terminal GS from thrombin cleavage, and a single point mutation at M144 in PUMA (to isoleucine in the acetylamidated peptide, to match the sequence present in the structure PDB 2ROC (1), and to alanine for the dye-labelled peptide, to reduce oligomerization at high concentrations). These differences are highlighted in cyan. NaCl (all at 1 M ionic strength). Error bars; from standard error propagation of the standard error of the mean as reported in Table 1 . increasing ionic strength, which is consistent with our CD data (Fig. 3A) . We note that the absolute values of helicities are different but the fold change approximately matches our experimental data. Calculations were performed under the same conditions as our experiments (25°C, pH 7 and ionic strengths corresponding to our MOPS buffers). (2), black fits and residuals). Fitting of the data to equation (2) allows to extract K d , and therefore k off . Note that the no salt condition fits equally well to both models. This is consistent with a tighter affinity where the dissociation reaction is negligible.
The experiments were performed for each salt at 1 M ionic strength and no salt conditions.
The residuals to the fits are plotted under each graph. Results from the fits are reported in Table S2 . 
